The DVB-T signals are an attractive illumination source for the passive radars due to their wide bandwidth and signal structure. The DVB-T standard permits the reconstruction of the received signal to enhance its signal-to-noise ratio (SNR). The signal reconstruction possibility allows the use of a simplified configuration of the radar by employing a single receiver. In this paper, we propose an optimized processing scheme for the single receiver DVB-T passive radar. We carry out Monte-Carlo simulations to assess the performances of the single receiver configuration, and we present real-data results to validate the proposed scheme.
Introduction
Passive radars employ signals from non-cooperative transmitters for target detection and tracking. Their major advantages are low cost, intercept immunity and ease of deployment. Telecommunication and broadcasting signals can be exploited as illuminators of opportunity for passive radars [1] [2] [3] .
DVB-T signals as an illumination source for the passive radars have been the subject of a growing interest [4] . This is due to the suitable characteristics of the DVB-T waveform (wide bandwidth and data-independent spectrum), the high radiated power of the transmitter, and the possibility of recovering the transmitted signal [4] [5] [6] [7] .
The classical passive radar architecture involves two receiving channels. A reference channel for the reception of the direct-path signal and a surveillance channel for the reception of the target return signal. In addition to the target return, the surveillance channel collects reflections from the static scatterers (static clutter), and a direct-path signal. The direct-path signal is the most significant part of the surveillance signal which may mask the target return and reduces the detection dynamic range.
The DVB-T standard allows the reconstruction of the received reference signal to enhance its signal-to-noise ratio (SNR) [4] [5] [6] [7] . Therefore, one can exploit the direct-path signal present in the surveillance signal to estimate a synthetic reference signal. A specific channel to acquire the reference signal is thus unnecessary which reduces the complexity and the cost of the system.
The single receiver DVB-T based passive radar approach has been initiated in [8, 9] . In this paper, we consider a single receiver DVB-T passive radar and we propose an optimized processing scheme. We employ Monte-Carlo simulations to assess the performance of the single receiver configuration and we present real-data results. This paper is organized as follows. Section 2 presents the signal model and the signal processing scheme. Section 3 evaluates the impact of the direct-path signal power level on the detection probability. Section 4 shows the real-data results. And Section 5 concludes the paper.
2 Signal processing 2.1 Signal model Figure 1 illustrates the configuration of a single receiver passive radar. The received signal includes the direct-path signal, the static clutter resulting from the static scatterers in the surveillance area, the thermal noise, and a possible target return. We adopt the following model for the received signal
we consider L static scatterers with reflection coefficients h l (assumed to be invariant over the processing time). The thermal noise v(n) has a zero mean and a variance of σ 2 v . The target return is a time-delayed (τ ), frequency-shifted (f d ), and attenuated (with a coefficient α) copy of the transmitted signal s(n). We define the direct-path-to-noise ratio (DNR) as
where σ 2 s is the transmitted signal variance. The target signalto-noise ratio (SNR) is defined as follows
The DVB-T standard employs the orthogonal frequency division multiplexing (OFDM) modulation scheme. One DVB-T symbol is formed by K orthogonal subcarriers as follows
where f k is the frequency of the k th subcarrier and C k is the k th quadrature amplitude modulation (QAM) symbol. Among the K subcarriers, there are pilot subcarriers which are employed for signal synchronization and propagation channel estimation.
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Received signal DVB-T Transmitter USRP Board Fig. 1 : DVB-T based passive radar with a single receiver.
Signal synchronization
The received signal synchronization includes the time and carrier frequency offset (CFO) estimation and compensation. The carrier frequency offset emerges from the frequency mismatch between the receiver local oscillator and the signal carrier. The pre-FFT synchronization exploits the guard interval correlation to estimate the coarse time and the carrier frequency offset [10] . The coarse time offset estimation identifies the beginning of the DVB-T symbol which allows a perfect placement of the FFT window, and the compensation of the CFO maintains the subcarrier orthogonality. The residual CFO can be estimated through the phase shift of the subcarrier pilots [11] . The transmitted signal is estimated by decoding and recoding the direct-path signal. The synchronized received signal is divided into frames of DVB-T symbols. Then, the guard interval is removed and the useful part of the symbol is Fouriertransformed; for each subcarrier, the result is expressed as
Signal extraction
where H(k) is the frequency domain propagation channel coefficient for the k th subcarrier, C k is the transmitted QAM symbol, X t (k) is the target return contribution and V is the Fourier-transform of the noise v.
The frequency domain propagation channel (H) is estimated exploiting the pilot subcarriers [12] . The propagation channel estimate,Ĥ, is employed for the QAM symbol equalization. The detection of the equalized QAM symbols,Ĉ, provides an estimate of the transmitted symbols. Classically, an estimate of the transmitted signal,ŝ(n), can be obtained by mapping the detected QAM symbols, applying an inverse Fourier-transform and inserting the guard interval [5, 6] . For low DNR values, the QAM detection error is considerable which creates a mismatch between the estimated signal and the transmitted one.
An optimal reconstruction method is proposed in [7] which minimizes the mean squared error (MSE) between the transmitted signal and the estimated one. It allows an optimum reconstruction of the transmitted signal even for low DNR values. The transmitted signal is formed by optimality weighted QAM symbolsĈ opt . We adopt this method for the reference signal reconstruction in the present work.
The extraction of the target return signal can be achieved by applying a static clutter suppression method [13] [14] [15] on the synchronized received signal. In this work, we consider the static clutter suppression method presented in [16] which employs the estimated channel responseĤ and the detected QAM symbols to estimate the static clutter signal. The clutter-free signal for the k th subcarrier is obtained as follows
The clutter-free signal x f iltered (n) is obtained by inverse-Fourier transforming X filtered (the frequency domain filtered signal) and inserting the guard interval. 
Detection
The detection is performed by cross-correlating the filtered signal x f iltered (n) with a time-delayed and frequency-shifted copy of the estimated transmitted signalŝ(n) as follows
where κ is the time delay, ν is the frequency shift and N is the coherent integration length [4] . The result of the crosscorrelation calculation is a 2D range-Doppler diagram.
The impact of the DNR level on the detection probability
The aim of this section is the assessment of the DNR level impact on the detection probability. Figure 3 presents Monte-Carlo simulation results for the detection probability as a function of the DNR value. The simulation was based on the processing scheme presented in the figure 2 with an integration length of N = 10 5 , a false-alarm probability P FA = 10 −3 , and three values of DNR. The results reflect the impact of the DNR value on the detection probability. For a fixed SNR value, the detection probability for DNR = 10 dB is lower than the one for DNR = 20 dB and DNR = 30 dB which is due to the QAM symbol detection error. The QAM detection error leads to a mismatch between the transmitted signal and the estimated one (which degrades the integration gain), and reduces the efficiency of the static clutter suppression.
Real-data results
The measurement campaign was performed in Brussels at the Royal Military Academy. We considered the DVB-T transmitter which is on the top of the Finance Tower (located at 2.5 km from the receiver) as the illuminator of opportunity. The nearby Zaventem airport (BRU) provides the opportunity of having low altitude targets during landing and taking off manoeuvres. range-Doppler diagrams for the frames are summed to provide the full track of the airplane.
The results show two airplanes during the taking off manoeuvre with a bistatic range that varies between 2 km and 4 km, and a Doppler shift from 0 Hz to −350 Hz. These results validate the efficiency of the proposed processing scheme and illustrate the feasibility of a single receiver DVB-T passive radar.
Conclusions
The single receiver configuration is feasible thanks to the possibility of reconstructing the transmitted signal based on the received signal which includes multipath and target echoes. Employing a single receiver to build a DVB-T based passive radar reduces the system complexity and its cost. The proposed processing scheme includes an optimum signal reconstruction method and a frequency domain static clutter suppression method. The system characterization through Monte-Carlo simulation has provided an insight about the system performances for different DNR values. In the future works, we will assess the system maximum detection range.
